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ABSTRACT

The inlet was operated at critical and supercritical conditions while at o° angle of
attack in the 10- by 10-foot supersonic wind tunnel. The cowl lip diameter was 45.98 cm.
Total-pressure sensors with a flat response to 200 Hz were distributed at several dif-
fuser exit locations. The amplitude probability density functions for the total pressures
were nearly Gaussian. Frequency analysis showed that the amplitude of the power spec-
tral densities for these pressures dropped by half from 0 to 100 Hz, but was nearly con-
stant at higher frequencies. No periodic components were observed.
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MACH 3 MIXED-COMPRESSION INLET
by Robert E. Coltrin and Glenn A. Mitchell

Lewis Research Center

SUMMARY

Dynamic total-pressure measurements were obtained at several diffuser exit loca-
tions of a Mach 3 mixed-compression inlet. The inlet was operated at critical and vari-
ous supercritical shock positions while at 0° angle of attack in the 10- by 10-foot super-
sonic wind tunnel. The cowl lip diameter was 45. 98 centimeters. Total pressure sen-
sors with a flat response to 200 hertz were located at the simulated compressor face.
Total-pressure amplitude probability densities indicated the data were nearly Gaussian.
Frequency analysis showed that the amplitude of the power spectral densities for these
pressures dropped by half from 0 to 100 hertz, but was nearly constant at higher fre-
quencies. No periodic components were observed.

INTRODUCTION

It has long been recognized that the flow from a supersonic diffuser may have a seri-
ous total-pressure distortion at the compressor face which can influence the engine stall
margin. More recently it has become apparent that total-pressure fluctuations are
superimposed upon the steady distortion and may further alter the compressor stall mar-
gin. This dynamic distortion apparently originates from the unsteady interaction of the
diffuser terminal shock with the inlet boundary layer which produces localized three-
dimensional transients in flow velocity and direction at the diffuser exit. The effects of
this dynamic distortion on a compressor stall margin are presented in reference 1.
These distortion dynamics were created artificially in a supersonic-inlet simulator which
utilized a choke point in an engine-connected pipe test stand. Shock waves downstream of
this choke point interacted dynamically with the duct boundary layer. Onlylimited data are
presently available that define the distortion dynamics which actually exist within an inlet
at supersonic speeds. Therefore, the present study was undertaken to briefly define the



gqualitative aspects of distortion dynamics existing in a typical supersonic inlet. The in-
vestigation was conducted in the Lewis 10- by 10-foot supersonic wind tunnel at Mach 3
with an axisymmetric, mixed-compression inlet. The Reynolds number based on cowl
lip diameter was 3. 75 million. Although it is recognized that flow directionality fluctu-
ations may be important, the instrumentation was limited to diffuser exit total-pressure

transducers.

SYMBOLS
A area, cm2
F(y) probability density function

Af

AP

(AP) at

1 (2]
21 t(y, v + Ay)
U=

Iim lim
T— Ay—0 T(Ay)
frequency, Hz
filter bandwidth used in spectral analysis, Hz
length of subsonic diffuser, cm
Mach number
mass flow, kg/sec
time-averaged total pressure, N/m2 abs
power spectral density,
T
lim lim —— (ap,)2; at
T Af-0 T(AS) J
2 2
in the frequency band from f to f+ Af, <N/ m ) / Hz
fluctuating component of total pressure, N/ m?

amplitude of total-pressure fluctuation at location i within a frequency band
from f to f+ Af, N/m2

radius

time length of data reduced for probability density and spectral analysis, sec

time, sec



tl(y, y + Ay) time spent by pressure during its lth entry into a band between ampli-

tude gates, at pressures of y and y + Ay, sec

X linear distance, cm
y level of pressure amplitude gate for probability density function, N/m2
o standard deviation
1 ' ar?ar)’
T
0
Subscripts:
a,b,c,d sensor locations on diffuser exit rakes
Af filter bandwidth used in spectral analysis, Hz
i arbitrary dummy variable
l cowl lip station
max maximum
min minimum
rms root-mean-square value
X conditions at x-distance
0 free-stream station
2 diffuser exit station (compressor face)
Superscript:
(-) area-weighted average

APPARATUS AND PROCEDURE

Model

The Mach 3 mixed-compression inlet is shown in figure 1. A schematic diagram of
its aerodynamic design is presented in figure 2. Further details of its design and per-
formance are reported in references 2 and 3. For supersonic compression, it utilized
an isentropic spike with an initial cone half angle of 13. 65°. The spike compression
waves were focused at the cowl lip. Internal contraction was generated by the compres-
sive turning of the inner cowl surface which created two oblique shocks focused at the



boundary-layer bleed slot on the centerbody. At the design conditions; the average throat
Mach number ahead of the terminal shock was 1.45... The initial part of the subsonic dif-
fuser was provided with two hydraulic diameters of essentially constant area and was fol-
lowed by an equivalent 12° conical area expansion to the ,siniulated compressor face ap-
proximately 1.5 inlet diameters from the cowl lip.' ‘The résulting inteérnal area variation
of the diffuser is shown in figure 3.

Instrumentation

In addition to the normal steady-state instrumentation of the inlet described in ref-
erence 2, four dynamic sensors were placed in two of the total-pressure rakes located at
the simulated compressor face. Their relative positions are shown in figure 4(a). It
should be noted that the two rakes were on opposite sides of the centerbody support struts
which essentially divided the subsonic diffuser in half over a substantial portion of its
length. '

The construction of the dynamic pressure sensor is illustrated in figure 4(b). Since
the piezoelectric-type transducers were too large to be placed directly in the total-
pressure rakes, all transducers were mounted to 15. 2-centimeter-long tubes so that the
transducer cases could be attached to the exterior of the diffuser wall. The pneumat1c
system of the pressure sensor was designed to obtain a damped second-order system
with a relatively flat response to 200 hertz. This was accomplished.for the tube length of
15. 2 centimeters by properly matching the tube diameter of 0. 038 centimeter to the vol-
ume of the cavity at the transducer face. This cavitykvolur'ne was controlled by compres-
sion of the paper gaskets indicated in figure 4(b) which total'0.114 centimeter thick before
compression. The sensitivity of the sensor frequency response to changes in cavity vol-
ume is shown in figure 5(a) where the normalized amplitude ratio was evaluated as the
measured amplitude at the test frequency ratioed to the measured amplitude at the sensor
inlet. The response is given for a sensor with gasket compression to 0. 069 and 0. 025
centimeter. Three typical sensors with gaskets compressed to the design value of 0. 069
centimeter were calibrated and their frequency response is shown in figure 5(b). The
four sensors placed in the model for the test were identical to these but could not be in-
dividually calibrated because they were assembled in the model and were inaccessible.

Durmg the course of wind tunnel testing, it was determmed that the pressure oscil-
1at1ons wh1ch occur durmg 1n1et unstart and buzz were too severe for the sensor con— )
structmn of fxgure 4(b). The paper gaskets began to leak and changed the des1gned probe
response The results presented subsequently in thls report were obta1ned prlor to an
inlet unstart and appeared to be leak-free for these operatmg cond1t10ns Subsequent ex~
am1nat1on of the probes revealed that the only effect of the leaks was to umformly reduce



the measured amplitudes throughout the 0- to 200-hertz range. Thus, the qualitative as-
pects of the data presented herein are not in question. However, for subsequent testing,
an improved sensor design is required.

Data Analysis

Dynamic data were recorded directly on magnetic tape. It was recognized that the
frequency response of the pneumatic pressure-sensing systems had unwanted resonances
at high frequencies (greater than 200 Hz) which is typical of a transmission line or
distributed-parameter-type system. Therefore, the data were transferred fo a second
magnetic tape through a fourth-order filter made up of two second-order filters each with
a natural frequency of 200 hertz and a damping ratio of 0. 7.

Amplitude probability densities of the pressure fluctuations were obtained by analyz-
ing 20 seconds of filtered tape on analog equipment. An amplitude segment (or amplitude
gate width) of one-fourth the rms value was selected which partitioned the peak-to-peak
amplitude into 24 segments. The rms values were obtained by an rms voltmeter reading
from the filtered tape. The value of the standard error calculated for amplitude prob-
ability densities computed in this manner is less than 2 percent, where the probability
density is near 0.4 (mean value of AP/ Prms) and about 9 percent where the probability
density is near 0. 005 (peak values of AP/Prms). That is to say, with 68 percent con-
fidence, the true value of the amplifude probability density is within +£2 percent or +9 per-
cent of the measured value at probability density values near 0.4 and 0. 005, respectively.
The mean value of all the amplitude probability density plots is zero because the piezo-
electric sensors measure only the fluctuating component of the pressure.

Power spectral density functions were obtained for the pressure fluctuations by ana-
lyzing 30 seconds of unfiltered tape on analog equipment using 2-hertz bandwidths. The
data were not analyzed beyond the 200-hertz probe limit. Typical errors were calculated
to be 15 percent at an 80 percent level of confidence and 20 percent at a 90 percent level
of confidence. An rms value can be computed for each spectrum from the square root
of the area under the power spectral density curve. It was determined that these values
were close (within the computed error) to the values obtained from an rms reading of the
filtered tape, indicating that the measured power spectra were reasonably accurate.

In order fo reduce the data by the methods described above, the data must be sta-
tionary. A simple nonparametric test for stationarity involving an investigation of the
scatter of the mean square pressure measurements was performed on the data. The
results showed that within the limits of this test, the data were indeed stationary.



RESULTS AND DISCUSSION

The steady-state performance of the inlet at 0° angle of attack is shown in figure 6.
Data for four operating conditions are shown, and of these the critical point and the two
most supercritical points were selected for detailed analysis of distortion dynamics.
Critical is defined as the operating point with the terminal shock at the inlet throat. The
supercritical values quoted are defined as the drop in total-pressure recovery from the
critical value computed as a percentage of the critical value. Steady-state distortion
maps corresponding to these conditions are shown in figure 7. For the remaining figures
of this report, two dynamic sensors were selected for analysis at each of the three oper-
ating conditions. The locations of these sensors within the distorted flow are also indi-
cated in figure 7. At critical conditions they were widely separated on different rakes
(a and b), at the 9 percent supercritical condition they were closely spaced on the same
rake (b and c), and at 13 percent supercritical they were widely spaced on the same rake
(b and d).

Evidence of the randomness of the measured pressure amplitudes at frequencies be-
low 200 hertz is shown in figure 8 where the experimental amplitude probability densities
for the various operating conditions are compared with the Gaussian density. It is ap-
parent that the experimental results were essentially Gaussian and, thus, there was no
evidence of periodic content in the measured frequency range. Therefore, since these
data appear to be Gaussian, the peak-to-peak pressure fluctuations can be assumed to be
six times the rms values (6 ¢ for Gaussian data) for frequencies below 200 hertz in this
inlet. In order to generalize this result to other inlets, it should first be determined that
the amplitude probability densities of the pressures in the selected inlet are Gaussian.

Power spectral densities of the pressure fluctuations, divided by the local total
pressure squared, are shown in figure 9 as a function of frequency. All the spectra
show an initial drop in power as frequency increased, but they then tended to a constant
level before 200 hertz. The initial drop is usually complete by about 100 hertz and is a
maximum overall reduction of about half, This is in sharp contrast to the larger-scale
inlet simulator of reference 1 which showed greater low-frequency power and a drop to
1/100 of that power by about 80 hertz. However, dynamic distortion (6 rms) levels
measured to 200 hertz and expressed as a percentage of the local steady-state pressure
- were about equal to those obtained in the present study.

The spectra of figure 9 exhibit some peaks which could be interpreted as either
periodic or narrow-band random response. However, the amplitude probability density
plots of figure 8 show no evidence of periodic content; therefore, the peaks in the spectra
must be narrow-band random response. Reference 4 reports the one-dimensional-wave
dynamic characteristics of this inlet. It was observed in that study that shock-position
resonance occurs with internal bypass disturbances at frequencies of 85 and 180 hertz.



Some of the spectra of figure 9 show peaks at these frequencies; possibly the one-
dimensional dynamics of the inlet was amplifying the random pressure fluctuations in a
narrow band centered at the above frequencies. However, figure 9 also shows that these
peaks were not highly prominent nor were they consistent for the various sensor locations
or operating conditions. Therefore, there does not appear to be any significant relation
between the distortion dynamics and the one-dimensional-wave dynamics of the inlet.

The peak-to-peak dynamic pressure levels obtained at each sensor location at the
conditions shown in figures 8 and 9 were ratioed to the steady-state pressure levels at
the compressor face station and are presented in figure 10 as a function of inlet pressure
recovery. The peak-to-peak values were obtained as six times the rms values by assum-
ing (as shown in fig. 8) that the data were random with a Gaussian amplitude probability
density. Each rms value was obtained as the square root of the area under the appro-
priate power spectral density curve. As expected, figure 10 shows that the dynamic ac-
tivity increased as the inlet operation became increasingly supercritical. This increased
amplitude is particularly obvious for sensor b, which increased from about 9 percent at
critical operation to about 18 percent at 13 percent supercritical operation, For an iden-
tical change in operation, the other sensors recorded somewhat lower values which in-
creased from about 6 percent to about 13 percent. The corresponding steady-state dis-
tortions (fig. 6) were 18. 6 and 32.7 percent, respectively. Therefore, the peak-to-peak
pressure fluctuation amplitude (6 rms) at any one sensor was from 30 to 60 percent of
the maximum steady-state spatial pressure variation.

SUMMARY OF RESULTS

Dynamic total-pressure measurements were obtained at several positions at the exit
of a Mach 3 mixed-compression inlet. The inlet was operated at critical and various
supercritical shock positions while at 0° angle of attack in the 10- by 10-foot supersonic
wind tunnel. The cowl lip diameter was 45.98 centimeters. With sensors providing flat
response to a maximum frequency of 200 hertz, the following preliminary results were
obtained:

1. The amplitude probability densities of the pressure fluctuations were approxi-
mately Gaussian at all operating conditions and, therefore, the 6 rms value could be used
as the peak-to-peak value.

2. Power spectral densities of the measured fluctuations decreased as frequency in-
creased to 100 hertz and were fairly constant at higher frequencies. The initial drop in
power density from 0 to 100 hertz averaged about 50 percent.

3. No resonant peaks were observed in the power spectral densities of the pressure-.
fluctuations. .



4. The peak-to-peak amplitudes (6 rms) of the pressure fluctuations were about
6 to 9 percent of the steady-state pressure during critical operation and increased to
about 13 to 18 percent with the inlet operating 13 percent supercritically. These peak-to-
peak amplitudes were from 30 to 60 percent of the maximum steady-state spatial pressure
variations.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 6, 1968,
126-15-02-11-22.
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Figure 2, - Design of axisymmetric mixed-compression Mach 3 inlet. (Dimensions are in centimeters.)
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(b) Supercritical, 9 percent. Total-pressure recovery, 0.764; distortion, 0.250.
0. 710- q 0.710

{c) Supercritical, 13 percent, Total-pressure recovery, 0.733; distortion, 0.327.

Figure 7. - Compressor face total-pressure contours.
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(a) Sensor a, Inlet operation, critical; local total-pressure recovery, (b} Sensor b, Inlet operation, critical; local total-pressure recovery,
PZ, alPp = 0.873. Py pfPg = 0.842,

(c} Sensor b. Inlet operation, 9 percent supercritical; local total- {d} Sensor c. Inlet operation, 9 percent supercritical; focal total-
pressure recovery, P, /Pg = 0.720. pressure recovery, le /Pg=0.750.
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{e) Sensor b, {nlet operation, 13 percent supercritical; local totai- (f) Sensor d. Inlet operation, 13 percent supercritical; local total-
pressure recovery, Py /Pq = 0.654. pressure recovery, Py 4/Pg=0.710.

Figure 8. - Amplitude probebility denstity of compressor face total pressure.
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Figure 9. - Power spectral density of total pressure at simulated compressor face station.

16



4

d

“Normalized power spectral density, PSDy y(f)/Py Hz1

y

Normalizeq. power spectral density, PSDy c(f)/P% o hz1

Lo

poal
1~
=

PR L | L

3.2x07%

2.8

20—

{c) Sensor b. Inlet operation, 9 percent supercritical; local total-pressure recovery, Py ,/Pg=0.720.

20 4 60 80 - 100 120 140 160 180 200
Frequency, Hz

{d) Sensor c. Inlet operation, 9 percent supercritical; local total-pressure recovery, Py ¢/Pg=0.750.

Figure 9. - Continued,
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Figure 9. - Concluded.
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